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 Abstract  
 
A series of MnO2 unique nanostructures were synthesized by a facile hydrothermal method with 
microwave-assisted procedures. A novel nanostructure formation mechanism has been proposed, that 
MnO6 octahedral nuclei and molecular layers can be rearranged into different nanostructured 
morphologies by restacking and splitting, and then clasping, which is associated with tunnel structure 
phase transformation. Systematic macrostructure observations and magnetic property measurements 
have been conducted on these nanostructures, which demonstrate that engineering layered structures 
has the potential to create many unique nanostructures and unusual physicochemical behaviours. 
 
The engineering of layered structures has become more and more important, to the point where it has 
recently become a huge challenge to materials science and technology researchers, since the crystallography, 
electronic structure, and physicochemical properties can change significantly when a layer a few atoms thick is 
introduced, or even a single atomic layer thickness, such as in the case of single carbon atomic layers: graphene 
1, 2
. This also applies to single molecular layers, such as MnO6 octahedral layers (or manganese oxide octahedral 
molecular sieves) 
3, 4
, single MoS2 molecular layers 
5, 6
, etc. Re-engineering thin layers in different structures 
could create many more unique structures and present unusual physicochemical phenomena useful for tailoring 
their properties for applications. Here, we present a study on engineering architectonic MnO6 octahedral 
molecular layers by restacking thin or single MnO6 layers into different tunnel structures linked with MnO6 
octahedra. The new molecular layers feature a series of morphologies in the forms of nanoflowers, square 
nanotubes, and rectangular nanowires, which are also of interest for their unusual magnetic phenomena.  
Manganese dioxides with layered and tunnel structures are attractive inorganic materials owing to their 
distinctive physical and chemical properties, as well as their wide applications in molecular/ionic sieves,
7
 
catalysts, 
8, 9
  and electrode materials in LiMnO2 batteries. 
10 - 13
. Even their unclear response mechanism has 
hugely improved the sensitivity of biosensors 
14
. Various MnO2 nanostructures with different morphologies and 
crystallographic forms have been reported 
15-17
. MnO2 has many polymorphic forms, such as , , , and -
MnO2, which are different in the way that they link the basic MnO6 octahedral units 
18, 19
.  
The formation mechanisms of the different nanostructures of MnO2 have mainly been accepted as based on 
a rolling mechanism combined with phase transformation 
15
. The phases, the morphologies, the Mn ion 
valences, and the microdefects all are strongly dependent on the preparation conditions (pH value, concentration 
of cations, and parameters). We have synthesized a series of MnO2 nanostructures with different phases (, , 
 and  and different nanoarchitectonic morphologies (nanoflowers, square nanotubes, and tetragonal 
nanowires) by varying the preparation conditions. However, the formation mechanism has been adjusted by 
adding a nanoribbon stacking and restacking mechanism for our unique nanostructures under microwave 
hydrothermal conditions, which will be discussed below.  
Magnetic nanostructures and nanomagnetism have always attracted much interest among magnetism 
researchers. This is due to their huge potential for technological applications in information technology 
20 
and in 
other disciplines such as biology and medicine 
21
. A challenging aim of current research in magnetism is to 
explore structures of still lower dimensionality 
22-24
, and to explore the spins, orbital lattices, and couplings in 
the low dimension nanostructures 
25-27
. As the dimensionality of a physical system is reduced, magnetic 
ordering tends to decrease, as fluctuations become relatively more important, but it seems that this can be 
overcome by engineering the surface nanostructures and step-edge atoms through introducing exchange bias 
27
 
and enhancing the magnetic anisotropy, since step atoms present remarkably high anisotropy energy in two-
dimensional nanostructures 
28, 29
. 
In this paper, various high-quality AFM MnO2 nanostructures have been synthesized, and magnetism 
studies with an emphasis on the relationship between the surface or interface microstructures and the magnetic 
properties have been performed. It was found that all the AFM MnO2 nanostructures presented ferromagnetism, 
but with different ferromagnetic behaviors, e.g. different remnant moment and coercivity (MR and HC), which is 
significantly enhanced by the step-edges and the surface or interface disordered clusters. 
A series of MnO2 nanostructures were synthesized by a facile hydrothermal method with microwave-
assisted procedures based on two methods. Method A is a liquid-phase oxidation method with Mn
2+
 as the main 
source:  
Mn
2+
 + (NH4)2S2O8 + 2H2O  MnO2 + (NH4)2SO4 + 2H2SO4   (A) 
Method B involves the reduction of KMnO4 in a hydrochloric acid solution: 
4KMnO4 + 4HCl4MnO2 + 4KCl + 2H2O + 3O2     (B). 
For more details see in Supporting Information (SI) in Table S1. So far, nanoflowers 
(NF)rectangular nanowires (RNW), andnanorods (
nanoflowers (NF),square nanotubes (SNT), and microcrystals (MC) can be obtained by 
method B, through tuning the microwave irradiation conditions and processing parameters. 
Selected results and images of the MnO2 square nanostructures are shown in Fig. 1. The x-ray diffraction 
(XRD) patterns of the nanostructures are shown in Fig. 1(A), where the red lines and symbols indicate the 
nanostructures synthesized by method A, and the blue lines and symbols indicate the ones from method B. The 
same lines and symbols are used in Fig. 1(B), which shows the x-ray photoelectron spectra (XPS) of the 
nanostructures.  
The XRD patterns (Figure 1(A)) show high phase purity. All samples are single phase nanostructures under 
the x-ray measurement limitations. However, the XPS results shown in Fig. 1(B) and in SI of Fig. S1 indicate 
that the average valences of the Mn in the samples synthesized by method A are lower than those in the samples 
synthesized by method B, and the Mn-2p3 peaks of all the samples show splitting, which indicates that Mn 
exists in different valences in all the MnO2 nanostructures (with the whole range of details and splitting peaks 
shown in the SI Fig. S1).  
The field emission scanning electron microscope (FESEM) images (Fig. 2(A)-(F)) show the typical 
morphologies of different products: NF (A)RNW (B), andNR (C), all synthesised by method A, and 
NF (D),SNT (E), and MC (F), all synthesised by method B. They show highly uniform shapes and 
size distributions. Moreover, these observations of the microstructures indicate that the nanoflowers have 
architectures composed of interconnecting nanosheets, the same as nanoflowers; furthermore, the 
rectangular nanowires and the square nanotubes inherit their structures from a network architecture 
composed of rectangular nanowires and square nanotubes.  
More detailed microstructures and intermediate states of nanostructure formation can be observed by 
transmission electron microscopy (TEM) and high resolution TEM (HRTEM), and the nanostructure formation 
mechanism can be obtained. Fig. 3(A) shows that the flower petals are porous nanosheets that are composed of 
nanoribbons and their slitted and restacked form as nanowires (as shown in inset (a) of Fig. 3(D)). Note that the 
phase is a metastable phase as well, and the nano-architecture is an intermediate state of later square 
nanotubes. Fig. 3(D) shows that the apparent flower petals (with the image of one petal shown in insets (b, c) of 
Fig. 3(D)), are porous nanosheets that are composed of nanoribbons and their reopened and restacked form of 
nanotubes. Inset (c) of Fig. 3(D) shows one such square nanotube growing out of the bottom of the image.  
TEM of a single α-RNW nanowire (inset (b) of Fig. 3(B)) shows a very rough surface that hints of 
numerous ribbon steps and edges, and the corresponding HRTEM image (Fig. 4(B)) shows fringes of the (001) 
face. Selected area electron diffraction (SAED) patterns are shown in inset (c) of Fig. 3(B) and inset (a) of Fig. 
4(B). The HRTEM image (Fig. 4(B)) of α-RNW shows several nanoscale clusters and fringes, which are 
inherent to the microstructures and defects of NFs, as marked in Fig. 4(A). Moreover, the width of the 
nanoribbons is marked in Fig. 4(B) and runs from 5.8 nm to 9.4 nm, which can not be seen in NFs. Zigzag 
and rhombus fringes (marked in inset (c) of Fig. 4(A)), are observed in the edges of nanoribbons. Since -MnO2 
has a tetragonal Hollandite-type structure, in which the MnO6 octahedra are linked to form double zigzag chains 
along the c-axis by edge-sharing, this unique crystal structure may easily form above zigzag step-edges, and, in 
turn, it can be the origin of the strong unusual ferromagnetism in the nanostructures. The TEM image of a single 
nanotube (inset (a) of Fig. 4(E)) shows a very rough surface and hints at numerous ribbon steps and edges. The 
HRTEM images in panels (c) and (d) of Fig. 4(E)) show fringes of the (001) face, and the corresponding 
electron diffraction pattern is also shown in inset (b) of Fig. 3(E)). HRTEM images (panels (c) and (d) of Fig. 
4(E)) shows MnO2-clusters and other heterostructural clusters, and a schematic diagram is presented as panel 
(b), based on careful observation of the four walls of a nanotube. The high resolution images of Fig. 4(E) show 
that the average nanotube diameter is 20 nm to 100 nm, and the average length is 500 nm, from a combined 
estimate from HRTEM and high resolution scanning electron microscopy (HRSEM) studies (Fig. 3(E)). These 
observations also indicate that the unique square nanotubes are restacked from highly oriented MnO 
nanoribbons.  
Many groups have investigated the synthesis methods 
9-16
 and the formation mechanisms 
9, 16-19
 of MnO2 
nanostructures, such as a rolling mechanism plus phase transformation. Some of them are based on template-
assisted or other assisted methods 
13
, but the formation mechanisms are different. In the present synthesis, 
neither templates nor surfactants are used in the reaction system; it is only microwave assisted. Based on the 
above observations and analysis, we suggest that the formation of our unique nanostructures can be interpreted 
as based on the curling and restacking of a few simple nanoribbons, with an accompanying phase transition 
mechanism. The mechanism may be defined as follows: in the initial stage under microwave-assisted 
hydrothermal conditions, phase (method A) or phase (method B) MnO6 octahedral nuclei are combined 
into nanoribbons a few atomic layers thick (see slightly curled nanoribbons in Fig. 4(D)), and hence, these layer 
structured nanoribons tend to curl and restack to form porous nanosheets resembling petals (see a petal image in 
inset (c) of Fig. 3(D)), which then form themselves into nanoflowers. Both phase and phase are metastable 
phases, and the porous nanoribbons forming nanosheets, which go on to form architectonic nanoflowers, are 
also in a metastable state. Under elevated temperature and pressure, or with a decreasing concentration of 
cations in the solution, the thin nanoribbons may restack into thick nanosheets, and the thick nanosheets then 
split into rectangular nanowires for method A, where densely stacked structure nanosheets of MnO6 split and 
expand into 2 × 2 tunnel structure phase (see the initial stage of the splitting image in inset (b) of Fig. 4(A), 
where double arrows indicate the split sheet ends and phase transformation into twin nanograins). Similarly, the 
nanoribbons may reopen or re-curl and restack into square nanotubes for method B, accompanied by a MnO6 
layer structure collapse into 2  2 tunnel phase. With a longer dwell time under microwave hydrothermal 
conditions, the size of the nanowire or nanotube will grow larger and larger to form nanorods or a microcrystal, 
with an accompanying 2 2 tunnel structured phase collapse into a 1  1 tunnel phase structure. 
Based the above microstructural observations and analysis, we can determine the formation mechanism of 
MnO2 nanostructures. Fig. 5 shows the formation of MnO2 nanostructures and the phase transformation 
mechanism from a MnO6 stack of layers to tunnel structures. It should be noted that there is a slight difference 
during the intermediate stage between method A and method B, i.e. method A forms a thicker nanoribbon 
architecture that consists of metastable MnO6 in densely stacked phase nanoflowers, which then split and 
restack to 2 2 tunnel structure phase rectangular nanowires, while method B forms a much thinner 
nanoribbon architecture that consists of metastable MnO6 in a stacked layer structure in phase nanoflowers, 
which then curl and restack to 2 2 tunnel structure phase square nanotubes. 
Due to the unique MnO6 octahedral nanoribbons that are restacked into complex architectonic MnO2 
nanostructures, their magnetic behavior presents more unusual features. In order to elucidate those unusual 
magnetic phenomena, we performed a series of magnetic measurements and analyses to determine the origin of 
the magnetism. 
Magnetic measurements (magnetization verse temperature and magnetic hysteresis loops see in SI Fig. S2 
(A) and (B) respectively) show unusual and complex characteristic features. All the nanostructures show a 
ferromagnetic-like transition at different Curie temperatures, TC, in the MnO2 antiferromagnetic system. The 
RNW, NR, and SNT show a more obviously ferromagnetic transition at TC = 50 K and multiple 
magnetic transitions. SNTs show more unexpected strong ferromagnetic behaviour with remanent 
magnetization (MR) of 0.48 emu/g and coercivity (HC) of 3160 Oe; the MR and HC values of the other 
nanostructures are listed in SI Table SI.  
We have systemically analysed the MnO2 nanostructures presented in this paper. Due to their different 
surface or interface microstructures, they show slightly different magnetic behaviours, so that only AFM/spin 
glass (SG) exchange coupling behaviour was observed all MnO2 nanostructures presented in this paper, which 
indicated that these nanostructures would appear as core-shell structural nanowires, nanotubes, nanoflowers, 
etc. These results will be presented elsewhere. However, the microscopic origins of magnetization (M) and 
coercivity (HC) are similar. It is well known that disorder from element vacancies, valence changes, defects and 
strains, zigzag edges, and even thermal effects 
20-30
, etc. can result in the formation of random clusters that 
induce weak magnetism in nanostructures, but this can also arise from well aligned structures, such as step-
edges, which can create strong magnetic anisotropy 
28, 29
. All of these may exist in our MnO2 nanostructures, 
especially at the surfaces and interfaces of the nanoribbons. Restacking of those nanoribbons leads to 
coexistence and competition between different magnetic behaviours and would strongly enhance their 
interaction exchange couplings, which generate the unusual magnetic phenomena. Since our nanostructures are 
all composed of different tunnel / dense packed MnO6 nanosheets in different shapes, the magnetism of MnO2 
nanostructures seems to only originate from the surfaces or interfaces, as well as the interactions between the 
nanostructures, so our neutron diffraction measurements on SNTs do not find interesting magnetic 
behaviours, such as is observed by the PPMS measurements, but they thus confirm that the origin of the 
magnetism is from the surfaces and interfaces.  
 
In summary, we present studies on a facile microwave-assisted hydrothermal synthesis method to prepare 
nanoribbons a few atoms thick, which stack into unique MnO2 nanostructures, with an emphasis on the 
microstructures of nanoribbon surface clusters and step-edges after the restacking of the nanoribbons and on 
their unusual magnetic phenomena.  
The formation mechanism of those MnO2 nanostructures has been investigated, and a novel formation 
mechanism introduced, so that nanoribbons grown from nuclei stack and restack with accompanying phase 
transformation. Nanoribbons stacked into layers and restacked nanostructures (similar to multilayer 
heterostructures) present unique microstructures, and in particular, unique surface or interface microstructures 
and unique morphologies, and hence present unusual magnetic phenomena. In surfaces or in  interfaces, the 
MnO2 heteroclusters and step-edges, which are associated with variation of the valence of Mn ions, are the 
microscopic origin of the ferromagnetism, and their interactions, couplings, and competition cause the unusual 
ferromagnetic phenomena.  
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Figure Captions 
 
Figure 1. (A) X-ray diffraction patterns and (B) selected XPS spectra of MnO2 nanostructures: -MnO2 
nanoflowers (-NF), -MnO2 rectangular nanowires (-RNW), -MnO2 nanorods (-NR), -MnO2 
nanoflowers (-NF),-MnO2 square nanotubes (-SNT), and -MnO2 microcrystals (-MC).  
 
Figure 2. FESEM images of MnO2 nanostructures: (A) -NF, (B) -RNW, (C) -NR, (D) -NF, (E) -SNT, 
and (F) -MC. 
Figure 3. TEM images of MnO2 nanostructures: (A) -NF, with inset of the corresponding SAED pattern; (B) 
-RNW, with inset (a) a magnified image, inset (b) the SAED pattern, and inset (c) an HRTEM 
image of a single nanotube; (C) -NR, with inset of the corresponding SAED pattern; (D) -NF, with 
the insets showing magnified details at an intermediate state of tube formation: TEM image (a), 
single nanotube images in TEM (b), and HRTEM (c); and (E) HRTEM image of the -MnO2 square 
nanotubes, with inset (a) showing the HRTEM image of a single nanotube and inset (b) the 
corresponding SAED pattern.  
Figure 4. HRTEM images of MnO2 nanostructures: (A) -NF, (B) -RNW, (C) -NR, (D) -NF, and (E) -
SNT. The average diameter of the wires is 20-50 nm, and the average length is 500 nm. Details of the 
insets and composite panels are given in the text. 
Figure 5. Schematic of the MnO2 nanostructure formation process and phase transformation mechanism from a 
stack of MnO6 layers to tunnel structures produced by restacking under microwave-assisted 
hydrothermal conditions. 
 
Figures  
 
 
Figure 1, R. Zeng et al. 
 
 
 
 
Figure 2, R. Zeng et al. 
 
  
Figure 3, R. Zeng et al. 
 
  
 
Figure 4, R. Zeng et al. 
  
Figure 5, R. Zeng et al. 
Supporting Information for 
 
 
Various MnO6 Octahedral Layers Architectonic MnO2 
Nanostructures 
 
 
R. Zeng
†, ‡
, J.Q. Wang
†, ║, G.D. Du
†, ‡
, W.X. Li
†
, Z.X. Chen
†
, S. Li
§
, Z.P. Guo
†
, S.X. Dou
†
 
 
†
Institute for Superconducting and Electronic Materials, School of Mechanical, Materials & 
Mechatronics Engineering, University of Wollongong, NSW 2522, Australia.
  
‡
Solar Energy Technologies, School of Computing, Engineering and Mathematics, University of 
Western Sydney, Penrith Sout, Sydney, NSW 2751, Australia 
║
School of Materials Science and Engineering, University of Jinan, Jinan 250022, P. R. China.  
§
School of Materials Science and Engineering, University of New South Wales, Sydney NSW 
2502, Australia.
  
 
 
 
 
 
 
Address for Correspondence: 
 
R. Zeng 
 
Solar Energy Technologies 
School of Computing, Engineering and Mathematics 
University of Western Sydney 
Penrith Sout, Sydney, NSW 2751, Australia 
Electronic mail: r.zeng@uws.edu.au 
 
 In particular, nanostructures consisting of an antiferromagnetic (AFM) material have been of the greatest 
interest in recent years 
1-8
. As the size of a magnetic system decreases, the importance of the surface and its 
roughness or surface step atom quantum effects increases. Since an antiferromagnet usually has two mutually 
compensating sublattices, the surface always leads to a breaking of the sub-lattice pairing and thus to 
‘‘uncompensated’’ surface spins. This effect has already been explained as the origin of exchange-bias and net 
magnetic moment in AFM nanoparticles by Néel 
2
.  
It is well known that most forms of MnO2 present AFM behaviours, and α-MnO2 is anti-ferromagnetic, so a 
reduction in the oxidation state of the Mn mixed valence of Mn3+ and Mn4+ is necessary in order to compensate 
for the charge of introduced large cations 
1
, which could influence the magnetic coupling between the Mn 
cations. On the other hand, the distribution of the Mn
3+
 and Mn
4+
 cations should be closely related to the 
distribution of the intercalated cations, which in turn, may cause a change in the magnetic ground state. In 
addition, the tetragonal rutile-type -MnO2 is the thermodynamically most stable and abundant member of the 
manganese dioxide family, and it plays an important role in magnetism and transport properties 
3, 4
. -MnO2 
shows a magnetic transition into a helical state at the Néel temperature (TN) of about 92 K, below which it has a 
well-known screw type incommensurate magnetic structure, with the pitch of the screw about 4% shorter than 
7/2c 
4
. Above TN, the magnetoresistance (MR) of -MnO2 is slightly negative and isotropic. However, below 
TN, on the other hand, the MR becomes anisotropic and remains small. In this report, we focus on the magnetic 
properties of magnesium dioxide. In this paper, various high-quality AFM MnO2 nanostructures have been 
synthesized, and magnetism studies with an emphasis on the relationship between the surface or interface 
microstructures and the magnetic properties have been performed. It was found that all the AFM MnO2 
nanostructures presented ferromagnetism, but with different ferromagnetic behaviors, e.g. different remnant 
moment and coercivity (MR and HC), which is significantly enhanced by the step-edges and the surface or 
interface disordered clusters.  
 
 
Table S1. Summary of the synthesis conditions, crystallographic structure, morphology, and properties of MnO2 
nanostructures synthesized by a microwave-assisted hydrothermal method.  
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Figure S1. Selected XPS spectra of MnO2 nanostructures: -MnO2 rectangular nanowires (red line), -MnO2 
nanorods (pink line), -MnO2 nanoflowers (violet line), and -MnO2 square nanotubes (blue line). 
Inset (a) is an enlargement of the Mn-2P1 and Mn-2P3 peaks, and inset (b) is an enlargement of the 
O-2S, O-2P and K-3S, K-2P peaks. 
 
The M-T curves after field cooling (FC), measured in an applied field of 50 Oe, and the M - H hysteresis 
loops of the MnO2 nanostructures, measured at 5 K after zero-field cooling (ZFC) and with an applied field up 
to 70 kOe, are shown in Fig. S2 (A) and (B) respectively.  
 
Figure S2. (A) M vs. T curves after field cooling (FC), measured under a field 50 of kOe (1); the inset contains 
1/ (= H/M) – T curves after FC under a  field of 50 kOe. (B) M vs. H curves at 5 K after zero field 
cooling (ZFC) of MnO2 nanostructures.  
 
The induced magnetism of the clusters should first present superparamagnetic (SPM) behavior, and 
SPM really does have a role in the above demonstrated magnetic behavior in SNTs. However, the correlation 
between the SPM behavior of MnO2 that is present in the nanostructures and their sizes is not consistent with 
the size dependence of magnetic anisotropy in magnetic nanoparticles according to the Stoner-Wohlfarth theory 
8, 10
. This is because the microscopic origin of the magnetic anisotropy of the nanostructures stacked from 
nanoribbons is different from that of the corresponding nanoparticles and is mainly dependent on the step-
edges. The magnetic anisotropy is an energy barrier to prevent magnetization from varying from one direction 
to the other. The blocking temperature is the threshold point of thermal activation to overcome such a magnetic 
anisotropy and to transfer magnetic nanostructures to the superparamagnetic state. A larger amount of step-
edges implies higher magnetic anisotropy energy, and consequently, a higher thermal energy is required for 
nanostructures to become superparamagnetic. The coercivity (HC) represents the required strength of the 
magnetic field to overcome the magnetic anisotropy barrier and to allow the magnetization of nanocrystals to 
align along the field direction. The coercivity of a magnetic nanocrystal from the Stoner- Wohlfarth theory can 
be expressed as:  
 
HC = 2K / 0 MS, 
 
where 0 is the universal constant of permeability in free space, K is the crystal anisotropy constant and MS is 
the saturation magnetization of the nanoparticles. When the temperature is below the blocking temperature for 
the given nanocrystals, the required coercivity for switching the magnetization direction of the nanocrystals 
certainly increases as the magnetic anisotropy increases. Therefore, the coercivity of the α-MnO2 nanostructures 
increases with increasing amounts of step-edges. Comparing the magnetization loops of different MnO2 
nanostructures in Fig. 7(B) and the MS, MR, and HC values listed in Table I, the HC reaches the highest value in 
SNT, which is in agreement with the HRTEM observations, as there are very coarse surfaces and a large 
amount of step-edges existing on both the outside and the inside surfaces of the nanotubes.  
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